Introduction
============

Melanoma, which is initiated from melanocytes, represents an aggressive and fatal cancer. The US statistics indicate that the rates of melanoma in the US have been on the rise in the past 30 years.[@b1-ott-11-6177] For human beings, melanoma remains a significant mortality burden. Although it only accounts for \~1% of skin cancer, melanoma is resistant to many chemotherapeutics and represents the most fatal type of skin cancer.[@b2-ott-11-6177] The number of deaths has been reported to be 2.7 per 100,000 people per year in USA.[@b1-ott-11-6177] Therefore, the development of a therapy for melanoma is an urgent need for human health.

Although great achievements have been made in melanoma therapy, a treatment failure and decrease in survival are often encountered because of recurrence, metastasis, and multidrug resistance of melanoma,[@b3-ott-11-6177],[@b4-ott-11-6177] which are considered to be attributable to melanoma-initiating cells.[@b3-ott-11-6177]--[@b6-ott-11-6177] Therefore, the elimination of melanoma-initiating cells may contribute to the cure of melanoma. CD20, an activated glycosylated phosphoprotein, which is expressed on B cells, is considered a marker for melanoma-initiating cells.[@b5-ott-11-6177]--[@b9-ott-11-6177] Fang et al[@b8-ott-11-6177] showed that CD20^+^ melanoma cells are more aggressive than their counterparts, CD20^−^ melanoma cells, as reflected by their higher proliferative, clonogenic, and tumorigenic abilities. In addition, CD20^+^ melanoma cells can rapidly form tumorspheres and differentiate into different cell types.[@b8-ott-11-6177] It is noteworthy that the elimination of CD20^+^ melanoma cells could permanently eliminate melanoma.[@b9-ott-11-6177] On the contrary, the elimination of melanoma could not be achieved by eliminating other melanoma subpopulations.[@b9-ott-11-6177] In several patients with stage IV metastatic melanoma, rituximab, an anti-CD20 antibody, exhibited a significant therapeutic effect against melanoma.[@b10-ott-11-6177] Taken together, the CD20^+^ melanoma-initiating cell subpopulation is crucial for the initiation, metastasis, and recurrence of melanoma. Targeted eradication of this subpopulation should be an effective treatment for melanoma.[@b9-ott-11-6177],[@b10-ott-11-6177]

All-trans retinoic acid (ATRA), an active metabolite of vitamin A, belonging to the retinoid family, is a promising drug, shown to cause differentiation, inhibition of proliferation, and apoptosis of cancer cells in various cancers.[@b11-ott-11-6177],[@b12-ott-11-6177] An ATRA-based differentiation therapy is regarded as a significant advance in cancer therapy. ATRA has become the first-choice drug for the therapy of acute promyelocytic leukemia (APL)[@b11-ott-11-6177] and has also been demonstrated to be effective in treating APL as an adjuvant.[@b12-ott-11-6177] Strikingly, ATRA has shown a therapeutic potential against cancer-initiating cells (CICs) in several cancers, such as breast cancer, glioblastoma multiforme, and sarcoma.[@b13-ott-11-6177]--[@b15-ott-11-6177] In these studies, ATRA significantly inhibited the self-renewal and proliferative abilities and promoted the apoptosis of CICs, suggesting that the compound represents a promising drug against CICs.[@b13-ott-11-6177]--[@b15-ott-11-6177] ATRA has also been reported to exert promising therapeutic effects against melanoma cells via different mechanisms, including mitochondrial dysfunction, an altered cell cycle, induction of apoptosis, and modulation of carbohydrate sulfotransferase 10.[@b16-ott-11-6177],[@b17-ott-11-6177] However, there have been no studies reporting the therapeutic effect of ATRA on melanoma-initiating cells.[@b18-ott-11-6177]--[@b20-ott-11-6177]

Meanwhile, the aqueous solubility of ATRA is poor, resulting in its low bioavailability and poor therapeutic effects in vivo.[@b13-ott-11-6177] It is known that nanoparticle-based strategies can remarkably improve the bioavailability and therapeutic index of conventional therapeutics by improving the solubility of poorly soluble drugs and providing targeted delivery of drugs.[@b21-ott-11-6177]--[@b23-ott-11-6177] Several studies have developed ATRA-loaded nanoparticles to facilitate the preclinical application of ATRA in cancer therapy.[@b13-ott-11-6177],[@b24-ott-11-6177] In these studies, the solubility and bioavailability of ATRA remarkably increased, and ATRA-loaded nanoparticles exhibited a superior therapeutic efficacy against cancer compared with that of ATRA.

Nanoparticles made of biodegradable polymers represent a superior candidate drug delivery system. Their advantages include controlled and sustained release, high drug loading, and superior stability.[@b25-ott-11-6177],[@b26-ott-11-6177] Poly(lactic-*co*-glycolic acid) (PLGA) nanoparticles are one of the most used types of nanoparticles made of biodegradable polymers because of their superior biocompatibility and flexibility in modulating drug release.[@b25-ott-11-6177],[@b26-ott-11-6177] Commonly, poly(ethylene glycol) (PEG) chains are incorporated as copolymers in nanoparticles to increase their hydrophilicity, modification flexibility, and circulation time.[@b23-ott-11-6177]--[@b26-ott-11-6177] For targeted delivery of chemotherapy drugs to cancer cells, considerable attention has been paid to antibody-conjugated nanoparticles.[@b27-ott-11-6177]--[@b29-ott-11-6177] It is well known that antibody-targeted nanoparticles improve the therapeutic effect of chemotherapy in various cancers.[@b25-ott-11-6177],[@b26-ott-11-6177] Since CD20 is a marker of melanoma-initiating cells, we hypothesized that a CD20 antibody could be used for targeted delivery of ATRA-loaded nanoparticles to melanoma-initiating cells. We have previously used nanoparticles targeting CD20 to deliver various drugs, including vincristine and salinomycin, to CD20^+^ melanoma stem cells for targeted chemotherapy.[@b30-ott-11-6177],[@b31-ott-11-6177]

The objective of the present study was to target melanoma-initiating cells by constructing ATRA-encapsulated, CD20 antibody-conjugated PLGA nanoparticles.

Materials and methods
=====================

Materials
---------

PLGA (20,000 Da)--PEG (5,000 Da)--maleimide (MAL), coumarin 6, polyvinyl alcohol (30--70 kDa), 2-iminothiolane (Traut's reagent), ATRA, and organic reagents were all purchased from Sigma-Aldrich Co. (St Louis, MO, USA). The CD20 microbead kit was provided by Miltenyi Biotec (Shanghai, China). R&D Systems, Inc. (Minneapolis, MN, USA) provided a recombinant antihuman CD20 Alexa Fluor^®^ 488-conjugated antibody and a recombinant mouse antihuman CD20 monoclonal antibody. The CD20 Fab′ from the recombinant mouse antihuman CD20 monoclonal antibody was obtained according to our previous protocol.[@b26-ott-11-6177] A Pierce bicinchoninic acid protein assay kit, DMEM, FBS, B27 supplement, EGF, basic fibroblast growth factor (bFGF), and insulin--transferrin--selenium (ITS) were purchased from Thermo Fisher Scientific (Waltham, MA, USA).

Culture of melanoma cells
-------------------------

Two human melanoma cell lines, A375 and WM266-4, were obtained from the American Type Culture Collection (ATCC, Manassas, VA, USA) and maintained at 37°C in DMEM supplemented with 10% FBS, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (25 mM), streptomycin (100 µg/mL), and penicillin (100 U/mL).

CD20 expression in melanoma cell lines
--------------------------------------

Flow cytometry was carried out to analyze the expression of CD20 in the cell lines. In brief, dissociated melanoma cells were treated with the antihuman CD20 Alexa Fluor^®^ 488-conjugated antibody at 1 µg/mL for 0.5 hours at 4°C and then washed three times with PBS. The washed cells were suspended in PBS, and an FACS Calibur flow cytometer (flow cytometry; BD, Franklin Lakes, NJ, USA) was used to analyze the proportion of positively stained cells.

Magnetic bead-based cell sorting
--------------------------------

Separation of a CD20^+^ cell subpopulation from melanoma cells was performed according to the protocol provided by Miltenyi Biotec with the CD20 microbead kit, and the FACS Calibur FCM was used to analyze the proportion of positively stained cells, as described earlier.

Formation of tumorspheres by melanoma cells
-------------------------------------------

The formation of tumorspheres was used to evaluate the self-renewal ability of melanoma-initiating cells. In brief, melanoma cells were suspended in a stem cell medium and plated at a density of 5,000 cells/well in Corning^®^ ultralow adherent six-well dishes (Corning Incorporated, Corning, NY, USA). The stem cell medium contained DMEM/F12, B27 supplement (1×), ITS (1×), EGF, and bFGF (both at a concentration of 20 ng/mL). The cells were cultured in the stem cell medium for 7 days, and then tumorspheres were counted under a conventional microscope. For second passage tumorspheres, those of the first passage were washed with PBS, dissociated with a cell dissociation reagent (StemPro^®^ Accutase^®^; Thermo Fisher Scientific, Waltham, MA, USA), and then propagated.

Tumorigenicity of melanoma cells in mice
----------------------------------------

An in vivo tumorigenicity assay was carried out by inoculation of melanoma cells into BALB/c nude mice (4--5 weeks old, males, \~20 g). The mice were purchased from the Experimental Animal Center of Shandong (Jinan, China). All procedures were approved by and performed in accordance with the guidelines of the Committee on Animals of Liaocheng University (Shandong, China). In brief, CD20^+^ and CD20^−^ melanoma cells were isolated using magnetic beads, and then 2×10^3^--1×10^6^ cells were mixed with BD Matrigel™, BD Biosciences, San Jose, CA, USA. The mixture of the cells and gel was implanted subcutaneously into the mice. The tumor formation was recorded during an observation period of 15 weeks.

Preparation of ATRA-encapsulated PLGA nanoparticles
---------------------------------------------------

ATRA-encapsulated PLGA nanoparticles were produced by an emulsion/solvent evaporation approach. PLGA--PEG--MAL and ATRA (10:1, w/w) were dissolved in dichloromethane (2 mL), and the solution was then added to a 1.5% sodium cholate solution (5 mL). A probe sonicator was used to sonicate the resultant solution (1 minute, 180 W). The resultant emulsion was added to a 0.5% sodium cholate solution (20 mL), and then dichloromethane was removed by evaporation overnight. Non-loaded ATRA was removed by ultrafiltration through an Amicon Ultra-15 centrifugal filter device (EMD Millipore, Billerica, MA, USA) with a nominal molecular weight cutoff of 100 kDa. Blank nanoparticles were produced in the same way, without the addition of ATRA. To obtain coumarin 6-labeled nanoparticles, 0.1% (w/w) coumarin 6 was added to an initial mixture of the polymers and the drug. Furthermore, CD20 Fab′ was thiolated with 2-iminothiolane (molar ratio of Fab′ to 2-iminothiolane was 1:100). The thiolated CD20 Fab′ was conjugated with nanoparticles (mass ratio of Fab′/nanoparticles was 1/20) for 6 hours at room temperature, and the unconjugated Fab′ was removed using an Amicon Ultra-15 centrifugal filter device with a nominal molecular weight cutoff of 100 kDa.

The following abbreviations are used to designate nanoparticles: ATRA-PNP, ATRA-encapsulated PLGA nanoparticles; ATRA-PNP-CD20, ATRA-encapsulated, CD20 antibody-conjugated PLGA nanoparticles; and PNP-CD20, blank CD20 antibody-conjugated PLGA nanoparticles.

Antibody conjugation efficiency of nanoparticles
------------------------------------------------

Ultrafiltration of nanoparticles was used to evaluate their antibody conjugation efficiency. Briefly, the antibody was incubated with nanoparticles, and then the mixture was centrifuged through an Amicon centrifugal filter (nominal molecular weight cutoff: 100 kDa) to remove the unconjugated antibody, which was measured using the Pierce protein assay reagent kit (Thermo Fisher Scientific, Inc., Waltham, MA, USA). The antibody conjugation efficiency of nanoparticles was evaluated using the following equation: (M~t~−M~u~)/M~t~, where M~t~ is the total mass of the antibody, and M~u~ is the mass of the unconjugated antibody.

Size, zeta potential, morphology, and drug-loading capacity of PLGA nanoparticles
---------------------------------------------------------------------------------

The particle size and zeta potential were evaluated using a Zetasizer Nano ZS90 (Malvern Instruments, Malvern, UK) after diluting 100 µL of nanoparticles in 1.9 mL of distilled water. The ATRA encapsulation efficiency and loading capacity of PLGA nanoparticles were determined by reversed-phase HPLC on an Agilent system (Agilent Technologies, Santa Clara, CA, USA) with an ODS column (Diamonsil^®^, 250×4.6 mm, 5 µm). The mobile phase was acetic acid/acetonitrile/water (0.5/95/4.5, v/v/v), and the flow rate was 1.0 mL/min. The detection wavelength of ATRA, using an ultraviolet detector, was set at 350 nm. The loading of coumarin 6 into nanoparticles was evaluated using a standard coumarin 6 calibration curve.

ATRA release from PLGA nanoparticles
------------------------------------

PLGA nanoparticles (0.5 mg/mL) were suspended in PBS or PBS with 10% FBS in a centrifuge tube and then gently shaken on an orbital shaker at 37°C at 100 rpm. The tubes were centrifuged (20,000 rpm for 30 minutes) at designated time points during a 120-hour drug release period. Then, the supernatant was removed and measured by HPLC as described earlier. The cumulative ATRA release rate from nanoparticles was calculated using the following formula: (M~i~/M~t~)×100%, where M~i~ is the mass of released ATRA, and M~t~ is the total amount of ATRA.

In vitro targeting of fluorescent nanoparticles to melanoma cells
-----------------------------------------------------------------

We used flow cytometry, as described earlier, to examine in vitro targeting of fluorescent nanoparticles. Briefly, melanoma cells (5×10^5^ cells/well) were cultured on 12-well cell culture plates overnight at 37°C. After that, the medium was replaced with a fresh medium containing coumarin 6-labeled nanoparticles (25 ng/mL coumarin 6). After 2-hour incubation, the cells were washed three times with PBS to remove unbound nanoparticles and dissociated into single cells with trypsin. The cells were suspended in PBS and analyzed using the FACS Calibur FCM.

Cytotoxic effects of nanoparticles on melanoma cell lines
---------------------------------------------------------

The cytotoxic effects of nanoparticles were examined using the cell counting kit-8 (CCK-8) assay, as described by the manufacturer. Briefly, melanoma cells were washed, trypsinized, and seeded at a density of 3×10^3^ cells/well in 96-well cell culture plates. After overnight incubation, the medium was replaced with a fresh medium containing ATRA or nanoparticles at a series of concentrations. After 72-hour treatment, the medium was replaced with a fresh medium, and cell viability was examined by the CCK-8 assay with a microplate reader (Multiskan MK3). The data were processed using GraphPad Prism (GraphPad Software, Inc., La Jolla, CA, USA) to calculate the half-maximal inhibitory concentration (IC~50~) values.

Impact of nanoparticles on the proportion of melanoma-initiating cells in melanoma cell population
--------------------------------------------------------------------------------------------------

Tumorsphere formation and the proportion of CD20^+^ cells were examined to evaluate the impact of nanoparticles on the proportion of melanoma-initiating cells in the melanoma cell population. In brief, melanoma cells were washed, trypsinized into single cells, and seeded at a density of 5×10^4^ cells/well in 12-well cell culture plates. After overnight incubation, the cells were washed with PBS and then treated with a fresh medium containing nanoparticles (at a concentration equivalent to 15 µg/mL ATRA). Twenty-four hours later, the medium was aspirated, and the cells were washed, followed by the addition of a fresh medium and incubation for 72 hours. Then, the cells were washed and trypsinized, and the formation of tumorspheres was evaluated as described earlier. Alternatively, flow cytometry was used to measure the percentage of CD20^+^ cells in the population of trypsinized cells.

Statistical analyses
--------------------

Differences between two groups were evaluated with the Student's non-paired *t*-test, and differences among three or more groups were calculated by one-way ANOVA. *P*-values of \<0.05 were considered statistically significant. All data were presented as mean ± SD, unless otherwise stated.

Results
=======

Fabrication and characterization of PLGA nanoparticles
------------------------------------------------------

ATRA-PNP nanoparticles were fabricated using an emulsion/solvent evaporation approach. After the preparation of ATRA-PNP, the thiolated antibody was linked to PLGA via the reaction of the sulfhydryl group on the antibody and the MAL group of the PLGA nanoparticles. The sizes, zeta potentials, and drug-loading capacities of the nanoparticles are summarized in [Table 1](#t1-ott-11-6177){ref-type="table"}. ATRA-PNP, not conjugated with the antibody, showed a small size of 118.3 nm. However, after antibody conjugation, the sizes of nanoparticles were somewhat larger (126.9 and 129.1 nm for ATRA-PNP-CD20 and PNP-CD20, respectively). The zeta potentials of all the nanoparticles were negative and approximately −15 mV. The drug-loading capacities (the amount of entrapped drug divided by the total nanoparticle weight) of ATRA-PNP and ATRA-PNP-CD20 were approximately 9.7% and 8.7%, respectively. The encapsulation efficiencies (the percentage of drug successfully entrapped into the nanoparticle) of ATRA-PNP and ATRA-PNP-CD20 were approximately 79.9% and 78.6%, respectively. The antibody conjugation efficiency of ATRA-PNP-CD20 was \~15%. The ATRA release data, as shown in [Figure 1](#f1-ott-11-6177){ref-type="fig"}, indicated that all the nanoparticles displayed a sustained release of ATRA during the 144-hour period. The ATRA release from the nanoparticles was markedly higher in PBS +10% FBS than in PBS (*P*\<0.05), suggesting that serum could destabilize the structure of nanoparticles and facilitate the ATRA release.

The CD20^+^ subpopulation of melanoma cells showed properties of melanoma-initiating cells
------------------------------------------------------------------------------------------

CD20 microbead-based cell sorting was used to isolate CD20^+^ cells from the population of melanoma cells, and the results showed that \>99% of the isolated cells were CD20^+^ cells. In contrast, the original melanoma cell lines showed only a low percentage of CD20^+^ cells (\~7%). The tumorsphere formation assay was used to identify melanoma-initiating cells. [Figure 2A](#f2-ott-11-6177){ref-type="fig"} shows that the number of tumorspheres generated by CD20^+^ A375 cells was remarkably higher than that generated by CD20^−^ A375 cells (first passage: *P*\<0.01; second passage: *P*\<0.001). In WM266-4 cells, similar results were achieved (first passage: *P*\<0.01; second passage: *P*\<0.001; [Figure 2B](#f2-ott-11-6177){ref-type="fig"}). In addition, CD20^+^ cells showed a higher capability for melanoma formation in nude mice than did CD20^−^ cells ([Figure 2C and D](#f2-ott-11-6177){ref-type="fig"}). Compared with those induced by CD20^−^ cells, the tumor volumes were remarkably higher after day 22 for CD20^+^ A375 and WM266-4 cells (*P*\<0.05). On day 34, the tumor volume induced by CD20^+^ A375 cells was 300 mm^3^, and that induced by CD20^−^ A375 cells was 120 mm^3^ (*P*\<0.001; [Figure 2C](#f2-ott-11-6177){ref-type="fig"}). In WM266-4 cells, similar results were achieved ([Figure 2D](#f2-ott-11-6177){ref-type="fig"}). On day 34, the tumor volume induced by CD20^+^ WM266-4 cells was 986 mm^3^, and that induced by CD20^−^ WM266-4 cells was 209 mm^3^ (*P*\<0.001).

Subsequently, we evaluated tumorigenicity by using different numbers of melanoma cells in mice ([Table 2](#t2-ott-11-6177){ref-type="table"}). Strikingly, a 100% incidence of tumors (10/10) occurred in the mice inoculated with ≥1×10^4^ CD20^+^ A375 cells. On the contrary, only a 60% incidence of tumors (6/10) was found in the mice inoculated with CD20^−^ A375 cells, even though the cell number was 1×10^6^, indicating that CD20^+^ A375 cells had a significantly higher tumorigenic potential than did CD20^−^ A375 cells. Similarly, CD20^+^ WM266-4 cells had a significantly higher tumorigenic ability than did CD20^−^ WM266-4 cells. CD20^+^ WM266-4 cells produced tumors in mice with a 100% incidence at a cell number of ≥1×10^4^ cells, whereas 1×10^4^ CD20^−^ WM266-4 cells only produced tumors with a 10% incidence (1/10). In summary, the tumorigenicity of CD20^+^ melanoma cells was remarkably higher than that of CD20^−^ melanoma cells.

In vitro targeting of fluorescent nanoparticles to melanoma cells
-----------------------------------------------------------------

Coumarin 6 is a green fluorescent tracer that has been widely used to measure the uptake of nanoparticles. In this study, coumarin 6 was used to evaluate the in vitro targeting of fluorescent nanoparticles to cancer cells. As shown in [Figure 3A](#f3-ott-11-6177){ref-type="fig"}, the uptake of coumarin 6-labeled ATRA-PNP-CD20 by CD20^+^ A375 cells was prominently higher than that of coumarin 6-labeled ATRA-PNP and free coumarin 6 (*P*\<0.01). However, CD20^−^ A375 cells showed a similar uptake of coumarin 6-labeled ATRA-PNP-CD20 and ATRA-PNP, uptake was still higher than that of free coumarin 6 (*P*\<0.05). In the case of WM266-4 cells, similar results were achieved ([Figure 3B](#f3-ott-11-6177){ref-type="fig"}). CD20^+^ WM266-4 cells showed a higher uptake of coumarin 6-labeled ATRA-PNP-CD20 than that of coumarin 6-labeled ATRA-PNP (*P*\<0.01) and free coumarin 6 (*P*\<0.05), whereas CD20^−^ WM266-4 cells showed a similar uptake of coumarin 6-labeled ATRA-PNP-CD20 and ATRA-PNP.

Cytotoxic effects of ATRA and various nanoparticles against melanoma cells
--------------------------------------------------------------------------

[Figure 4](#f4-ott-11-6177){ref-type="fig"} shows that PNP-CD20, ie, blank PLGA nanoparticles with the CD20 antibody, displayed no remarkable cytotoxic effects against melanoma cells. On the contrary, the dose-dependent cytotoxicity was observed for ATRA, ATRA-PNP, and ATRA-PNP-CD20. The IC~50~ values of ATRA and the nanoparticles are listed in [Table 3](#t3-ott-11-6177){ref-type="table"}. ATRA-PNP and ATRA showed similar cytotoxic effects against CD20^+^ A375 cells (IC~50~ values: 23.6 and 19.8 µg/mL, respectively); however, ATRA-PNP-CD20 showed a significantly higher cytotoxic effect (IC~50~: 3.8 µg/mL; *P*\<0.001). Meanwhile, the IC~50~ values of ATRA-PNP-CD20 (50.2 µg/mL), ATRA-PNP (52.1 µg/mL), and ATRA (48.3 µg/mL) did not differ markedly against CD20^−^ A375 cells. In the case of WM266-4 cells, the cytotoxic effect of ATRA-PNP-CD20 was also remarkably higher than those of ATRA-PNP and ATRA (*P*\<0.01), whereas all three formulations showed similar cytotoxic effects for CD20^−^ WM266-4 cells. In summary, ATRA-PNP-CD20 showed a preferential cytotoxic effect toward CD20^+^ melanoma cells.

Impact of nanoparticles on the proportion of melanoma-initiating cells
----------------------------------------------------------------------

[Figure 5](#f5-ott-11-6177){ref-type="fig"} shows the impact of nanoparticles on the percentage of melanoma-initiating cells in the melanoma cell line populations. Treatment of A375 cells with ATRA remarkably inhibited the number of tumorspheres (*P*\<0.05; [Figure 5A](#f5-ott-11-6177){ref-type="fig"}). The inhibitory ability of ATRA was similar to that of ATRA-PNP. Notably, the number of tumorspheres significantly decreased after ATRA-PNP-CD20 treatment compared with that after ATRA and ATRA-PNP treatments (*P*\<0.05). The treatment with PNP-CD20 had no effect on the number of tumorspheres. Similar results were achieved with WM266-4 cells. Although the number of tumorspheres was not affected by the treatment with PNP-CD20, ATRA-PNP-CD20 exhibited the best efficacy in inhibiting the number of tumorspheres formed by WM266-4 cells.

Consistent with the abovementioned results, the percentage of CD20^+^ A375 cells was remarkably reduced after ATRA treatment (*P*\<0.05; [Figure 5C](#f5-ott-11-6177){ref-type="fig"}). ATRA-PNP showed a similar inhibitory effect on the percentage of CD20^+^ A375 cells, while again, the percentage of CD20^+^ A375 cells was the lowest among the groups after treatment with ATRA-PNP-CD20. As shown in [Figure 5D](#f5-ott-11-6177){ref-type="fig"}, similar results were obtained in the case of WM266-4 cells.

Thus, ATRA-PNP-CD20 showed the best efficacy in the inhibition of tumorsphere formation and the percentage of CD20^+^ cells in the melanoma cell population, thus representing a promising treatment for the elimination of melanoma-initiating cells.

Discussion
==========

Since melanoma-initiating cells are considered to be the dark seed of melanoma, their eradication may result in a better anticancer therapeutic effect. Considering that CD20 is the marker of melanoma-initiating cells, herein, we constructed ATRA-PNP-CD20, to target melanoma-initiating cells. In this study, ATRA-PNP-CD20 showed significantly better inhibitory effects against melanoma-initiating cells than did free ATRA and nontargeted nanoparticles.

ATRA is a promising drug that has shown potential therapeutic effects in various cancers, such as head and neck squamous cell carcinoma and bladder cancer.[@b11-ott-11-6177] It has shown promising effects on the cell growth, differentiation, and apoptosis of cancer cells[@b11-ott-11-6177],[@b12-ott-11-6177] and a therapeutic potential against CICs in several cancers such as breast cancer.[@b13-ott-11-6177]--[@b15-ott-11-6177] To the best of our knowledge, there have been no studies reporting a therapeutic effect of ATRA on melanoma-initiating cells. In this study, we confirmed, using a cytotoxicity assay, that ATRA preferentially eliminated CD20^+^ melanoma-initiating cells over CD20^−^ melanoma cells. In the tumorsphere formation assay, ATRA also reduced the number of tumorspheres formed by melanoma cells. Consistently, the percentage of CD20^+^ cells in the population of melanoma cells significantly decreased after ATRA treatment. To the best of our knowledge, this is the first report that demonstrated that ATRA could show potential activity toward melanoma-initiating cells.

Antibody-conjugated nanoparticles are a promising tool against various cancers because they can significantly enhance the therapeutic efficacy of chemotherapeutic drugs.[@b32-ott-11-6177],[@b33-ott-11-6177] Notably, three types of antibody-conjugated nanoparticles, loaded with doxorubicin or docetaxel, have been successfully translated into early-phase clinical trials,[@b32-ott-11-6177],[@b33-ott-11-6177] and the results demonstrated good safety and efficacy profiles of the antibody-conjugated nanoparticles. Tumor antigens are very important for selecting an antibody for cancer-targeting nanoparticles. CD20 is regarded as a good target for the treatment of melanoma-initiating cells. First, many normal tissues do not express CD20, and only a small number of tissues, such as B cells or their derived malignancies, express CD20.[@b34-ott-11-6177] On the contrary, other markers of CICs, such as CD133 and CD44, are widely expressed in normal tissues.[@b7-ott-11-6177] The limited expression of CD20 in normal tissues minimizes damage to normal tissues when targeting CD20. Second, CD20 is a stationary and accessible target, and it is not shed or secreted into blood circulation.[@b35-ott-11-6177] Furthermore, the selection of a CD20 antibody was very critical for specific targeting of our developed nanoparticles to melanoma-initiating cells. The results showed that ATRA-PNP-CD20 significantly better targeted CD20^+^ melanoma-initiating cells than did ATRA-PNP, resulting in higher cytotoxic effects and inhibitory effects on tumorsphere formation. However, the cytotoxicity and tumorsphere inhibitory effects of ATRA-PNP-CD20 did not differ from those of ATRA-PNP in the case of CD20^−^ melanoma cells. These data firmly demonstrated that ATRA-PNP-CD20 were able to better target and to exert stronger inhibitory effects against melanoma-initiating cells. To the best of our knowledge, this is the first report on targeted delivery of ATRA to melanoma-initiating cells via CD20 antibody-conjugated nanoparticles.

Unlike biodegradable organic nanoparticles, inorganic nanoparticles cannot be degraded and may cause damage to human beings.[@b36-ott-11-6177],[@b37-ott-11-6177] Therefore, the potential clinical use of inorganic nanoparticles is remarkably limited by their poor safety.[@b36-ott-11-6177] On the contrary, biodegradable organic nanoparticles are more promising in clinical applications because of their superior safety.[@b36-ott-11-6177],[@b37-ott-11-6177] In our study, the components of the ATRA-PNP-CD20 drug delivery system included PLGA and a CD20 antibody, which are safe according to US Food and Drug Administration (FDA)-approved materials. Regarding ATRA, FDA has recently approved the combination use of arsenic tri-oxide (Trisenox^®^; Cell Therapeutics, Inc. Seattle, WA, USA.) injection plus ATRA as a first-line treatment for low-risk APL. In our study, PNP-CD20, ie, blank PLGA nanoparticles with the CD20 antibody, displayed no remarkable cytotoxic effects on melanoma cells. These preliminary safety data indicated that our nanoparticles represented a safe drug delivery system. Thus, ATRA-PNP-CD20 is expected to be safe in the clinic, which will facilitate their clinical translation.

Conclusion
==========

This study is the first report of the anticancer activity of ATRA against melanoma-initiating cells and also the first report on the facilitation of drug delivery to melanoma-initiating cells via nanoparticles by using a CD20 antibody. ATRA-PNP-CD20 nanoparticles were confirmed to selectively target CD20^+^ melanoma-initiating cells. Therefore, the use of ATRA-PNP-CD20 represents a promising approach for the therapy of melanoma-initiating cells. Since melanoma-initiating cells are crucial for drug resistance and metastasis of melanoma, patients with melanoma may benefit from targeted therapy of melanoma-initiating cells.
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![ATRA release from nanoparticles.\
**Notes:** The release media were PBS and PBS +10% FBS. The difference between two groups was detected by a non-paired Student's *t*-test. \**P*\<0.05. Data are presented as mean ± SD (n=3). ATRA-PNP, ATRA-encapsulated PLGA nanoparticles; ATRA-PNP-CD20, ATRA-encapsulated PLGA nanoparticles conjugated with CD20 antibodies.\
**Abbreviations:** ATRA, all-trans retinoic acid; PLGA, poly(lactic-*co*-glycolic acid).](ott-11-6177Fig1){#f1-ott-11-6177}

![CD20^+^ melanoma cells have properties of melanoma-initiating cells, as demonstrated by the tumorsphere formation and tumor growth in nude mice.\
**Notes:** (**A**, **B**) Tumorsphere formation in a serum-free medium. (**C**, **D**) A growth curve of melanoma in nude mice injected with 2×10^5^ melanoma cells. The difference between two groups was detected by a non-paired Student's *t*-test. \**P*\<0.05; \*\**P*\<0.01; \*\*\**P*\<0.001. Data are presented as mean ± SD (n=6).](ott-11-6177Fig2){#f2-ott-11-6177}

![In vitro targeting of coumarin 6-labeled nanoparticles to melanoma cells.\
**Notes:** (**A**) A375 cells and (**B**) WM266-4 cells. The difference between two groups was evaluated by one-way ANOVA with the Newman--Keuls posttest. \**P*\<0.05; \*\**P*\<0.01. Data are presented as mean ± SD (n=3). ATRA-PNP, ATRA-encapsulated PLGA nanoparticles; ATRA-PNP-CD20, ATRA-encapsulated PLGA nanoparticles conjugated with CD20 antibodies; PNP-CD20, blank PLGA nanoparticles conjugated with CD20 antibodies.\
**Abbreviations:** ATRA, all-trans retinoic acid; PLGA, poly(lactic-*co*-glycolic acid).](ott-11-6177Fig3){#f3-ott-11-6177}

![Cytotoxicity of nanoparticles for melanoma cells was examined using the CCK-8 assay.\
**Notes:** (**A**) A375 CD20^+^ cells, (**B**) A375 CD20^−^ cells, (**C**) WM266-4 CD20^+^ cells, and (**D**) WM266-4 CD20^−^ cells treated with nanoparticles. Data are presented as mean ± SD (n=3). ATRA-PNP, ATRA-encapsulated PLGA nanoparticles; ATRA-PNP-CD20, ATRA-encapsulated PLGA nanoparticles conjugated with CD20 antibodies; PNP-CD20, blank PLGA nanoparticles conjugated with CD20 antibodies.\
**Abbreviations:** ATRA, all-trans retinoic acid; CCK-8, cell counting kit-8; PLGA, poly(lactic-*co*-glycolic acid).](ott-11-6177Fig4){#f4-ott-11-6177}

![Impact of nanoparticles on the percentages of melanoma-initiating cells in the populations of A375 and WM266-4 melanoma cells, as determined by the evaluation of the tumorsphere formation (**A** and **B**) and percentage of CD20^+^ cells (**C** and **D**).\
**Notes:** The percentage of CD20^+^ cells was measured by flow cytometry after the treatment of melanoma cells. The difference between two groups was evaluated by one-way ANOVA with the Newman--Keuls posttest. \**P*\<0.05. Data are presented as mean ± SD (n=3). ATRA-PNP, ATRA-encapsulated PLGA nanoparticles; ATRA-PNP-CD20, ATRA-encapsulated PLGA nanoparticles conjugated with CD20 antibodies; PNP-CD20, blank PLGA nanoparticles conjugated with CD20 antibodies.\
**Abbreviations:** ATRA, all-trans retinoic acid; PLGA, poly(lactic-*co*-glycolic acid).](ott-11-6177Fig5){#f5-ott-11-6177}

###### 

The size and other characteristics of PLGA nanoparticles

  Nanoparticles   Size (nm)    Zeta potential (mV)   PDI         Drug loading (%)   EE (%)
  --------------- ------------ --------------------- ----------- ------------------ ----------
  ATRA-PNP        118.3±16.3   −15.3±6.8             0.15±0.07   9.7±2.6            79.9±9.2
  ATRA-PNP-CD20   126.9±15.9   −18.6±7.3             0.13±0.03   8.7±3.5            78.6±7.6
  PNP-CD20        129.1±19.1   −14.5±7.2             0.14±0.05   --                 --

**Notes:** Data are expressed as mean ± SD (n=4). ATRA-PNP, ATRA-encapsulated PLGA nanoparticles; ATRA-PNP-CD20, ATRA-encapsulated PLGA nanoparticles conjugated with CD20 antibodies; PNP-CD20, blank PLGA nanoparticles conjugated with CD20 antibodies.

**Abbreviations:** ATRA, all-trans retinoic acid; ATRA-PNP, ATRA-encapsulated PLGA nanoparticles; ATRA-PNP-CD20, ATRA-encapsulated PLGA nanoparticles conjugated with CD20 antibodies; PNP-CD20, blank PLGA nanoparticles conjugated with CD20 antibodies; EE, encapsulation efficacy; PDI, polydispersity index; PLGA, poly(lactic-*co*-glycolic acid).

###### 

The in vivo tumorigenicity of melanoma cells in nude mice

  Types             1×10^6^   1×10^5^   2×10^4^   1×10^4^   5×10^3^   2×10^3^
  ----------------- --------- --------- --------- --------- --------- ---------
  CD20^−^ A375      6/10      3/10      2/10      1/10      0/10      0/10
  CD20^+^ A375      10/10     10/10     10/10     10/10     8/10      6/10
  CD20^−^ WM266-4   8/10      6/10      2/10      1/10      0/10      0/10
  CD20^+^ WM266-4   10/10     10/10     10/10     10/10     8/10      4/10

**Notes:** CD20^+^ or CD20^−^ melanoma cells were collected, mixed with matrigel, and implanted subcutaneously into BALB/c nude mice. The tumor formation was recorded during the observation period of 15 weeks.

###### 

The IC~50~ of ATRA and nanoparticles in melanoma cells at 72 hours

  IC~50~ (μg/mL)   A375       WM266-4               
  ---------------- ---------- ---------- ---------- ----------
  ATRA             19.8±3.6   48.3±8.2   25.5±6.8   52.7±8.2
  ATRA-PNP         23.6±4.3   52.1±8.1   30.9±6.4   67.6±7.3
  ATRA-PNP-CD20    3.8±1.8    50.2±8.5   6.6±2.6    62.5±6.5
  PNP-CD20         \>900.0    \>900.0    \>900.0    \>900.0

**Notes:** Data are expressed as mean ± SD (n=3). ATRA-PNP, ATRA-encapsulated PLGA nanoparticles; ATRA-PNP-CD20, ATRA-encapsulated PLGA nanoparticles conjugated with CD20 antibodies; PNP-CD20, blank PLGA nanoparticles conjugated with CD20 antibodies.

**Abbreviations:** ATRA, all-trans retinoic acid; IC~50~, half-maximal inhibitory concentration; PLGA, poly(lactic-*co*-glycolic acid).
